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ABSTRACT

Methuds of obtaining the Hugoniot equation of state
were investigated. Several of these, employing high explosive
devices, were used to obtain Hugoniot data for mineral samples
common to many igneous rocks. Hugoniot data were found for
orthoclase, oligoclase, labradorite and olivine in the pressure
range from 50 to 300 kilobars. Analytical synthesis models
were constructed and used to determine the synthesized Hugoniot
equations of state for granodiorite, gabbro and dunite. These
compared favorably with existing Hugoniot data for similar
materials. Methods were also developed and used to predict,
roughly, Hugoniot curves for other geological composites for
which no experimental data are preseutly available. These
materials included syenite, quartzdiorite, diorite, olivine
diabase, and diabase, Estimates of temperatures along the
Hugoniots and along several selected unloading adiabats were
calculated for several minerals and igneous rocks.
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I  INTRODUCTION

In many applications, knowledge of the dynamic equaticn of
state, or Hugoniot, of a material is required. Various laboratcry
and field experiments have been devised to determine the Hugoniot
of a particular material. These experiments are, in general,
costly and time-consuming, whilelthe range of materials of inter-
est is, in some cases, extensive. This is especially true where
geological materials are involved. These exist in nature in
almost endless variety depending only on the relative abundance
of the constituents of the material. Although many geological
materials, which have been and will be of interest, differ only
slightly in mineral content, it has been customary to investigate
each composite separately. Thus, previous Hugoniot informa.ion
on similar materia)s has been utilized, at best, only in a
qualitative way.

One aim of this program was to determine the feasibility of
utilizing «nown constituent Huroniot data to determine analyti-
cally the Hugoniots of composites made up largely of these con-
stituents. Consideration was given to one class of geological
materials, the igneous rocks. The Hugoniots of several igneous
rocks have been previously determined. In addition, a few of the
wineral constituents common to several rocks have been investi-
gated.

Before this synthesis methnd could be studied, it was

necessary to obtain Hugoniot information for several additional
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minerals., Orthoclase, Labradorite, Oligoclase, Clivine and
Biotite were investigated in this program. This choice was
based on the abundance of these minerals in many igncous rocks
and on their structural similarity to other minerals occurring
in rocks for which Hugoniot informatiun is presently known or
anticipated.

Many factors other than the mineral content of an igneous .
rock might influence its Hugoniot. These include grain size and
orientation of the constituent minerals, water content, and
porosity. The way in which each of these factors affects the

response of the composite to dynamic loading would form the basis

of an ultimate synthesis theory. The application of such a theory
would greatly reduce the effort involved in composite Hugoniot
determination. In application, it would be necessary only to
measure the necessary factors and apply the analytical expression
relating them to the Hugoniot of the composite.

In this investigation, the synthesized Hugoniots were based
on the measured or assumed mineral content only. Although, for
the mineral data used in the synthesis, Hugoniot data were avail-
able for several crystal orientations, only an average Hugoniot
was used for each mineral. Even with this simplified model the
results are very promising. Unfortunately, for several of the
composites for wnich Hugoniot measurements have been made, little
is known about the mineral content. Future experiments will
have to be performed cn composites of carefully controlled or

wmeasured structure and petrography.
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Within the framework of the simplified synthesis model,

two methods were used to calculate compositc Hugoniots. The
first was direct application of the Hugoniots of the known con-
stituent minerals to determine the Hugoniot of the composite.

In the second, "indirect," method both known mineral data and
known composite data were used to increase the number of "known'"
minerals. These minerals were then used to expand composite cal-
cuiations to those containing relatively large amounts of minerals
for which experimental Hugoniots are not yet available. Compos-
ites for which these "implied" Hugoniots were calculated are
syenite, quartzdiorite, diorice, olivinediavase, and diabase.
These Hugoniot data are censidered to be of more value for illus-
trative purposes than for use in calculations requiring exact
Hugoniots for these materials. This indirect synthesis illus-
trates a method by which a maximum number of Hugoniots can be
calculated from a minimum number of experimentally determined
Hugoniots.

An attempt was made to vse only single crystals of minerals

in the Hugoniot determinations. This was not possible for olivine.

Although the igneous rocks are made up of polycrystals of the
minerals, these are not always in random orientation and it seems
desirable to have single crystal data for several orientations.
Such data can then be averaged, as was done here, or used in a
more complete theory where crystal orientation is considered to
be a factor.

Many of the minerals obtained in single crystal form were

found to have relatively large variations in density. Because

i




of this variation, it was decided to perform the shock experiments
on only a small number of single crystals of each type, making

up all required samples from these few. This procedure often
imposed the condition of carrying out the experiments on very
small samples. It was necessary to examine some of the experi-
mental techniques previously used and some variations of these
techniques to determine the feasibility of each for the intended
application. This examination formed one of the three major
phases ¢f this investigaction.

The other two phases were devoted to the experimental de-
termination of the mineral Hugoniots and the synthesis of com-
posite Hugoniots from these results. Discussions of the results
and methods used in each of these phases constitute the major
sections of this report. The final section summarizes the major
results of the study and briefly outlines the futurec requirements

and outlook for Hugoniot synthesis.
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II METHODS OF HUGONIOT DETERMINATION

A. Hugoniot Description

1. Shock Wave Equations

The dyramic loading process gives rise to the dynamic equa-
tion of state,or Hugoniot,of a material. In dynamic loading,
different regions of the material are at different stress levels
and have correspondingly different values of density and temper-
ature, For this reason, although local thermody:amic equilibrium
is supposed to exist, the whole sample is not in equilibrium.
Each region of local equilibrium anu, therefore, uniform tempera-
ture, pressure, and density corresponds closely. in the absence
of shear forces, to a stats in hydrostatic compression. As a
result, not only does the Hugoniot give basic information re-
garding the shock loading process but, in addition, relates to
the fundamental properties of materials.

In Figure 1, the shock-loading process is compared with a
similar static loading process; both represent cases of uniaxial
strain, i.e., strain occurring only in the axial, 1, or loading
direction, all other strains being equal to zero. As is seen in
the static case, Figure 1(a), the whole sample is in a state of
equilibrium. The stressed element shown in the insert is the same
throughout the sample, In the dynamic case, Figure 1(b), the
loading device causes a shock wave to be transmitted. 1In this
case the sample is separated intc two different equilibrium re-
gions. The region to the right of the shock wave discontinuity
has not yet been compressed. The Hugoniot relates the values

of stress 0, to strain ¢ or specific volume V in the shocked
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It refers only to these

state to those in the initial state.
end states and gives no information on the loading path between

these end states. If the stress, oy, and temperature, T, be-

hind the shock wave corresponded to those of the hypothetical

static configuration, the elements of stress and strain in both

would be equal.
For some materials for which a thermodynamic equation of

state is available, e.g., a perfect gas, the Hugoniot may be

derived. For solids, there is no general equation of state that

may be used in such a derivation and the Hugoniot is usually not

represented in an analytical form. There are, however, general
shock wave equations which apply to all materials. These equa-

tions include only the stress, 011> in the shock propagation di-

rection and the uniaxial strain in that direction. The stress

in this direction is referred to as the pressure. For very high
stresses, which might cause the solid to liquify, the diagonal
stress elements are equal to the pressure.

Regardless~of the stress level, the correct interpretation
is that the pressure P is considered equal to the diagonal stress
tensor element in the direction of the one dimensional strain.

In the experimerts described, the configuration is such that all

measurements are made in the one dimensional region (Figure 1(c)).

Conservation of mass and momentum across the shock wave re-

quire that

PoUs = pl(US- UPl) (Conservation of mass) (1)

Po + poUg = P1 + pl(US- UPl)Z (Conservation of momentum)(2)

EEEsEEsTEE =
— e == =

il
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where

U, = the shock velocity

Uy, = the particle velocity behind the
shock wave

P = initial pressure
Po = initial density.
The pressure behinc the shock wave,

Pl - pOUSUPl + PO . (3)

In most cases of interest here, the shock compression is of the
order of at least several thousand atmospheres so that the ambient
pressure or initial pressure of about one atmosphere can be ne-
glected., Then,

Py = poUsUpy ()

From the definition of strain,
V P p

(o]

where V is the specific volume, and equation (1),

Po Upq
£, = 1~ — = 5
1 o1 "U; (5)

so that the dynamic stress and strain, P1 and €1, can be deter-
mined from US and Up, the variables usually directly or indirectly
measured in shock wave experiments. From equations (4) and (5),
these velocities can be related to the dynamic material properties

occurring behind a single shock wave:

. (6)
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Thus, by measuring a2ay two of the four variables occurring in
equations (1) and (3), the other two may be uniquely determined.
The Hugoniot generally refers to any representation of two of
these variables, though most often it refers to the pressure-
density states.

Up to this point, as shown in Figure 1(b), only a single
shock wave was considered. For various combinations of material
properties and shock-loading pressures, two or more cshock waves
may result (Ref. 1). In such cases, an element of material is
successively loaded by several shock waves. To determine the
final state after the last loading shock wave the equations of
mass and momentum may also be successively applied. Equations

analogous to (4) and (5) but for N waves are

PolWsn = Up N.1) (Upy~ Up no1)
1 -

-+

N-1 (8)

EN-1

_ =N (Ugy - Upy)
l-eN‘- 'IT (U _U’ L] (9)
=1 sy = Up 5.1y

To calculate the stress Py and strain €y» 1t is necessary
to measure the shock velocities of, and particle velocities be-
hind, these N waves. Such instrumentation techniques become
quite involved and analysis becomes especially difficult where N
is large and samples are too short to obtain the necessary readings

prior to the occurrence of shock reflections,

i
|
|
4
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Both dynamic yield points &nd material phase changes

occurring below the shock-loaded high pressure state may cause
multiple shock systems. In these experirents on single crystals,
it was anticipated that both might be experienced and, therefore,
consideration was given to instrumentation systems capable of
ylelding the required information.

It is often necessary to deal with only two waves, a pre-
cursor having the velocity of a longitudinal acoustic wave (Ref, 1),
and a plastic wave Ug, whose velocity is dependent on the pressure
P,. In this case, equations (8) and (9) become

PoUsy - Upy){Upy - Tpy)

P, = P+ _‘ (10)
l - UPl/C

L6 - Up)Usy - Tpp)

(11)
p1)

where Ug; the shock velocit: is taken as C the acoustic velocity
and Pl is the dynamic yield pressure,

The Hugoniot for a material which wou'd be expected to yield
a two-wave system is shown in Figure 2(a). For such a material
shocked to a bressure P2,‘the resulting pressure pulse is shown
in Figure 2(b) and the regions of various instantaneous pressures
in Figure 2(c).

As in a one-wave system, the wave and particle velocities
are found from equations (10) and (11) to be functions of the
slope and area under the P-& Hugoniot curve. Equations analogous

to (5) and (6) for a two-wave system are:

P
o
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Ugy = \/po(ez =ty (- )+ gy \// b

where Up; is the particle velocity behind the first or precursor
wave. The precursor wave transmitting the pressuie, Py = Pyp,
travels at a higher velocity than Ugy. As the second wave ar-
rives at a point in the material, the p:" ssure at that point is
raised from P, to P,. The final particle velocity behind Ugg is

greater than UPl'

R
/(Pz - Py)ley - &)
Uy, = Uy = [—
P2 Pl /V [.')0

It may be seen that the velocity of the second wave USZ is equal
to the precursor for P, 2Pg and Py <Pyp. Therefore, for this
material, only shock pressures between PYP and PS give rise to
two-wave systems,

For such a two-wave system, it would be necessary tc measure
the shock velocities of botn waves C and Ug, and the particle
velocities Upy and Upo behind each wave. From this information,

two Hugoniot states are determined;
(Pl,al) and (Pr,az)

where Pl = pOCUPl is the dynamic yield pressure and g = UPl/C
is the strain at the yield point. P, and &, refer to the high
pressure state behind the second wave. For such a -aterlal the
complete Hugoniot would be found from several shock experiments
at different final pressives P,. In each experiment the values

of Py and €4 would be expected to be the same. Recently it has

12
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been pointed out, however, that stress reiaxation effects can
cause an initially higher appareat yield point Pi (Ref. 2), de-
caying gradually tu the dynamic yleld pressure P;. When these
effects are preseunt, the measured value of the precursor wave
velocity zould depend on the sample length. Furthermore, studies
of the equation of state of snow (Ref. 3) indicate that the value
of the dynamic yield point is not independent of the value of the
final pressure, but increases with P2. Both the determination of
constituents' Hugoniots and the derivation of an ultimate synthesis

model would be complicated by these features, if significant.

2, Analyvtical Form of Hugoniot

A Hugoniot with a single discontinuity at P1 is adequate-to
describe many materials., For a large nurher of materials, the
Hugoniot is adequately represented by a simpler curve in (P,€)
coordinates, one in which P; is sufficiently small that it may be
neglected. The Hugoniot then has the appearance of that in
Figure 3(a). These materials may always be loaded by a single
shock wave (Ref., 1). For a large number of materials, the ez~
perimentally determined variables of particle velocity and shock
velocity associated with this single wave are linearly related
{Ref. 4), as Figure 3(b) shows., The complete Hugcniot is then
described by only two states, and the shape of the Hugoniot in
the (P,e) plane is fixed by the slope and intercept of the (US’UP)

curve. The resulting Hugoniot equation is

pocze

P = —————
(1~ Se:)2

(12)
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Low yield point neglected

3
(a) Material with negligible yield pressure

Up

(b) Linear (US,UP) plot

Figure 3 Material Characterized by a Single Shock Wave (a) and
Represented by a Linear Velocity Relationship (b)
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The value of the intercept C may be approximated by the bulk

sound speed, yielding

P = = 13
B, (1 - 8e)* )

1
where C = F;E; .
i1f the bulk compressibility BO is known, as it often is, and if i
the linear relationship between US and UP pertains, it is neces-
sary only to determine the value of S to obtain a useful descrip-

tion of the (P,e) states occurring in shock compression.

There is at present, however, no theoretical justification
for the linear (US,UP) relationship, even for those metals in
which it has been found to exist. Therefore, presently, S may
be found only experimentally. For many metals, however, the
S-values lie within fairly narrow limits. Using the data of
reference 4 an average value of slope of about 1.42 is within
15 per cent of the experimentally determined value of S for over
80 per cent of the metals satisfied by the linear (US,UP) rela-
tionship. These relatively narrow limits suggest that appropriate
values of S might be found for other classes of materials., Fur-
thermore, even for materials not representable by a single straight
line on the (US,UP) curve, there are indications that a series
of straight lines would be applicable (Ref. 5,6).

Several minerals are believed to be in this category, i.e.,
requiring only two lines, one below the yield point (S = 0), and
one above the yield point (S > 0). At present, however, there is
insufficient mineral data to determine the value or existence of

a suitable average S.
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Equation (13) suggests that, to a rough approximation, the
Hugoniots for which an average S exists depend significantly only
on the compressibility. Since, in the present synthesis method,
the (P,e) or (P,V) states of the constituents are required, it
was desired to further investigate the significance of BO in des-
cribing the known metal Hugoniots.

Rather than applying equation (13) directly with a particular
value of S, another empirical procedure was zdopted. The metal
Hugoniot data of reference 4 were replotted against the zero pres-
sure compressibility as listed in references 7 and 8 for several
values of the strain for metals described by the linear (US,UP}
relationships. These curves, shown in Figure 4, were used to
generate semiempirical Hugoniot data by picking the appropriate
v lue of the compressibility for a metal and simply rcading thc
pressures for each of the isostrain curves of Figure 4. These
are compared with the (P,c) states for several metals investigated
in reference 4 in Figure 5. ‘

Since we are, in reality, only comparing the derived (P,V)
states with the original data from which they were derived, the
fairly good agreement is not startling. What is more interesting
is the importance of ﬂo as a single parameter describing the (P,V)
states for this class of materials. The scatter in the Figure 4
data indicates that a single slope S is not exact in describing

all of these metals.

Other Materials

Unsuccessful attempts were made to use the curves of Figure 4
to generate Hugoniot data for several geological materials. Be-

cause many geological composites have bilinear (US,UP) relationships
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(Ref. 5,6,9,10), the S-values associated with the higher pressure
states reached by a single shock wave are concentrated at values
around 1.6 with a somewhat wider spread than for the metals

(Ref. 10). Interestingly, thevalue of S forair, for which the

Hugonict is analytically derivable, converges to

I;;l, where v = Cp/Cy = 1.4

for high pressure states. Similarly, for a monatomic perfect
gas, S converges to 1.33, while, for a more complicated perfect
gas, S is lower yet always greater than 1. An average linear fit
using the analytical curve of reference 11 gives a value of ~1.6
for water. A large fraction of the materials for which Hugoniot
data are known have S-values within the range of 1 to 1.67. Al-
though the analytically derived Hugoniot for a perfect gas could
not be expected to apply to other materials, the implied signifi-

cance of y is notable.

B. Experimental Hugoniot Determination

The experimental work in this program was divided into two
phases. The first phase was directed toward an examination of
various experimental techniques to determine those best suited
for use with the samples of interest. The second phase was de-

voted to dctermining the Hugoniots for the minerals, utilizing

the results of the earlier experimental wcrk. The results of both

phases and the resulting mineral Hugoniot data are discussed in
this section.
The minerals of interest were some of the major constituents

of several igneous rocks. Those investigated were orthoclase,
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oligoclase, labradorite and olivine. Certain peculiarities of

the feldspar group made the complete separation of these

phases impossible., These peculiarities are associated with the 3
apparent existence of a very weak precursor wave, Shock wave
experiments of an exploratory nature were required and performed

during the entire period of the investigation. The resulting
interrelationship between the two phases makes it convenient to

discuss both phases together. The only exception is the following
brief discussion of some of the early experiments that were en-

tirely of an exploratory nature.

Before embarking on a detailed discussion of the shock ex-
periments, it is necessary to consider the relationships between
the measurable variables and the desired information to be derived
from these variables. Although many references concerning these
relationships are available in the literature, it is des;rable to
re-emphasize some of that work for certain aspects of the present
problem,

1. Shock State Determination

The shock equations discussed earlier indicate the require-
ment to measure the shock and pariicle velocity behind each wave
in order to determine the shock states or Hugoniot. The instru-
mentation schemes used here are capable of furnishing information
on free surface motion only, Electrically conducting pins and
piezoelectric crystals (Ref. 12,13) have been used to indicate
the time-of-arrival of a conducting surface at a new location:
Changes in light reflectance with time of a mirror placed at the

free surface of the sample have been used to .wecasur: the free
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surface velocity (Ref. 14,15,16). It has been shown that the

free surface velocity is a good approximation to twice the par-
ticle velocity for metals (Ref, 16). Free use has been made of
this free surface approximation for all of the optical racords.,

Pins and crystals placed at or near a free surface have been used

to indicate shock wave arrival time and, thus, siock wave veliocity.
Two basic types nf experiments were used: the impedance match
soluticn incorporating the electrical instrumentation and the
velocity method incorporating optical instrumentation. In several

experiments both instrumentations were included.

Impedance-Match Method

The impedance matching method depends on the existence of
known Hugoniot data, both loading and unlcading, for one or more
witness materials (Ref. 17). 1In addition, this method can be used
only for single-wave loading conditions. A possible sample con-
figuration is shown in Figure 6(a). Here a witness material of
the same material as the buffer plate is affixed to, or machined
as part of, the plate. The sample material is also affixed to the
buffer plate. From readings of the times of moticn of the three
free surfaces, i.e., the shock arrival times t, at the buffer samn-
ple interface,tw at the witness material free surface, and t, at
the sample free surface, the transit times and shock velocities
through the buffer plate and sample are determined. From the
known Hugoniot of the witness material, the pressure P and par-
ticle velocity Up are known, as Figure 6(b) shows. For the sample
material, the slope on the (P’UP) plot is known from the measured

shock velocity in the sample. From equation (4),
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Since the normal pressure and material velccity are continuous
across the sample buffer interface, the pressure velocity states
in regions 2 =and 2' of Figure 6{c) are the same. The state (2)
of Figure 4(c) represents the state behind the reflected wave.
The slope of equation (14) must then intersect the locus of possi-
ble reflected states in the buffer material, Since the buffer

me terial is usually of higher impedance, pOUS, than the samnle
material, these possible states represent the unloading adiabat
from the initial state (1), i.e., the dashed line in Figure 6(b).
In this work, the unloading adiabat has been taken as the mirror
reflection of the known loading curve of the buffer and witness
matericl (either aluminum or brass).

Orie advantage of this method is that the free surface approx-
imation is not required because it is not necessary to measure the
known particle velocity in the sample. The attending disadvantages
are that the location of state (1) from shock velocity measiure-
ments alone is difficult. It also may be argued that the assump-
tion regarding the unloading path in the buffer material is more
severe than the assumption of the validity of the free surface
approximation (Ref. 18). Because of these difficulties, several
experiments combining the impedance method with optical methcds

were run in addition to the series using pins alone.

Velocity Method

In the velocity method, the shock and particle velocity

associated with each wave must be known. For materials compressed
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by a single wave, only two velocities are required: For more
complicated materials where there are two or more waves, the opti-
cal methods of Fowles (Ref., 14) and Wackerle (Ref. 15) are parti-
cularly suited as they are -‘apable of furnishing a continuous
history of the free surface wmotion. 1In our experiments, the opti-
cal methods were restricted to several variations of the inclined
mirror method of Fowles (Ref. 14). Some laboratory simulation
experiments were made, however, using the wire method of Wackerly
(Ref. 15). (These experiments are discussed in Appendix A.) Al-
though a few experiments we. e run using crystals and pins to meas-
ure the free surface velocity, optical methods were found more
suitable to the samples of interest.

In all experiments in which a measurement of the free surface
velocity was made, use of the free surface approximation was re-
quired to obtain the necessary particle velocity. A more subtle
approximation is also implied in all Hugoriot methods utilizing
free surface motion measurements. In Figure 7, a schematic of a
typical inclined mirror experiment is shown. Light from an intense
HE light source is reflected from the mirrors mounted as shown.
The reflected light from the mirrors passes through the slit of
a rotating mirror camera* and is focussed on the film plane. The

view through the slit (Figure 7(b)) is recorde”? on the film where

position is proportioral to time. Figure 7(c) shows an idealized
record. As the shock-accelerated free surface engages the re-

flecting surfaces of the mirrors, the reflected iight intensity

*Beckman-Whitley Model 189 with special telescopir lens and streak

dttachments.

24




swa1sLg (p) 3AeM 91qnog
pue () 2aeM 9T3uTg I - paoddYy W[IJ PIZITRIPI Buimoys ‘(q) pue
(®) pPoyaldn a0aarW Bais POYIdW AITO0TIA I0F uorIeaIn3TIuo) TeIudwraddxy . 2an31g

(P)

e

2WwI3 TeATIIE

NU %
9ABM puUOD3S mol\ Wﬂl
._..u

25

) (9) (®)

SIOIXATH ITTS Y3noayy MaTA
swra a1duwes \

1933nq
9orFans Suy3loa13yay In\

e

it bR A R z_m:gag__f.%pﬁ%mmﬁgg%%%%u, e




changes (usually reduced) and the times of these are recorded.

The flat mirrors, located on the buffer plate and sample free
surfaces, give the shock time-of-arrival. The reflectance as a
function of time of the inclined mirror indicates the free surface
velocity of the sample. If there is only one wave, the velocity
angle o is a constant, For a material shocked above its yield
point in a stress region where it is compressed by two waves, a
record as shown in Figure 7(d) might be expected. At time t,, the
pressure reaches the mirror-sample interface and accelerates the
rate of reflectance change.

This shock wave configuration is shown in Figure 8. Here we
consider a t-x diagram for a condition yielding an elastic pre-
cursor and a slower plastic wave. In Figure 8(a), the simple case
is considered. Here, no interacﬁions are taken into account. The
free surface being observed is simply presumed to be accelerated,
impulsively with the arrival of each wave. These velocities are
related to the dynamic yield point PYP and the final pressure Pf
by the equations set down earlier. Using pirs in such an experi-
ment would require two arrays of pins, one for each free surface
velocity.

A more detailed view of the situation is that of Figure 8(b).
Here it is seen that the plastic wave, in fact, never does reach
the free surface. Instead, succeeding free-surface accelerations
are caused by the reverberating elastic wave. While, according
to the theory, the final free-surface velocity is approximately
twice the material velocity in region (2) behind the plastic wave,

the transition to the final free-surface velocity is not abrupt.
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It occurs over a series of jumps of 2n times the particle veloc-
ity in region (1), where n is the nth increment of free-surface
acceleration. The time period between successive accelerations
is dependent on the properties of the sample material as these
affect the ratio of the elastic precursor to the plastic wave ve-
locity, These have been worked out for several cases and are

listed in Table I. The sum of these times is the total transition

Table I

TRANSITION TIMES ASSOCIATED WITH SHOCK TRANSITIONS

R = U /Up Pyp oty bty dtq oty St

(psec)  |(kbars) _?I —EI t; t) e=2I—EI
0.5 50 0.75 0.48 0.48 1,722 1,682
0.75 50 0.32 0.116 0.046 0.055 0.217
0.5 25 0.71 0.25 0.285 0.156 0.70
0.75 25 0.3 0.07 0.02 0.011 0.101

time necessary for the free surface velocity to be an indication
of the plastic pressure. Since we are interested only in the
tran:ition time for the initial free surface velocity to the final
free surface velocity, 6tl/t1 cannot be included in this sum. It
is necessary, therefore, in some cases, to require that the instru-
mentation technique be cépable of extremely good time resolution

in order to observe free surface velocity changes. 1n fact, the
simpler situation depicted in Figure 8(a) only approximately ap-

plies in cases where the time period 8t is small compared with
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tys the time required for transit of the first wave across the
sample, For an intermediate case where 7 is too large to neglect,
a time resolution of at least 0.1 psec is required. A transit
time t; of between 0.5 and 1.0 psec is typical in these experi-
ments.,

The details discussed here have not yet been experimentally
observed with sufficient accuracy for complete analysis. An at-
tempt to observe these details requires very high camera speeds--
such speeds must be consistent with the ultimate time resolution
prescribed by the slit width. In addition high camera speed re-
sults in very small angles a; in Figure 7(c) and 7(d). These
small angles make it very difficult to determine the time ty.

Consideration of these details, .herefore, indicates that
the transition time between the free suiface velocity assvclated
with an elastic precursor (and characterized by the angle aq of
Figure 7(d)) and the free surface velocity associated with the
final plastic state (and characterized by the angle a9 of Figure
7(d)) cannot be a unique time ty. Rather, this transition must
be. spread over a period of time, as indicated in Figure 8(b)
(i.e., Z3t). Then, a rounded record like that of the dashed line
in Figure 7(d) might be expected.

Almost all records for the feldspars appeared either rounded
as in Figure 7(d) or straight as in Figure 7(c). Certain other
peculiarities discussed in the next section led to a decision to
treat the records as if they were the result of compression by a
single shock wave.

One difficulty in attempting to aralyze these records is the

fact that any observed rounding may be the result of material
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propercies. Consider, for example, a material characterized by
the Hugoniot of Figure 9(a). Such a material shocked by a flat-
topped pressure pulse of amplitude P, would cause the transmittal
of a pressure pulse of the type shown in Figure 9(b). Because of
the dispersive nature of this material, the pressure pulse world
change shape with time as shown in Figure 9(b), the lower ampli-
tude portions of the wave traveling at higher velocities than the
higher amplitude portions. The arrival of such a wave at a free
surface would cause the gradual acceleration of the free surface
rather than the abrupt acceleration often associated with a sharp
yield point. This gradual acceleration would cause a streak rec-
ord of an inclined mirror to have a rounded appearance, which, in
many cases, would be difficult to distinguish from the rounding
caused by shock reverberations at the free surface.

Records of this type are discussed in the next section. In
general, however, while such records may be analyzed graphically,
a computer solution to the problem is considered much more amena-
ble for the records of interest here. The short timés associated
with any curvature make a graphical solution too crude. Unfor-
tunately, no such analysis was possible on any records in which

curvature was noticed ~r suspected.
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(a) Hypothetical Hugoniot of material that
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(b) Transmitted pressure pulse associated with a
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Figure 9 Material Properties Leading to Compression Fan of
Shock Waves Resulting in Continuous Change in
Free Surface Velocity
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IIT SHOCK WAVE EXPERIMENTS

In the experimental portion of this program, 60 experiments
were run. About one-third of these were primarily exploratory
and not intended for obtaining Hugoniot data. Many, however, in-
corporated mineral samples. These earlier experiments were used
to investigate the effect of various optical parameters, such as
optical configuration, slit width, light intensity, mirror con-
figuration and magnification. In addition, in many, electrical
time-of-arrival indicators were also used and comparisons between
piezoelectric crystals and pins were made.

As a result of these preliminary experiments, several modi-
fications to the existing optical system were decided upon. These
involved the construction of a new lens system and a modified slit
arrangement. As an alternative to carrying out additional experi-
ments of a purely exploratory nature, a laboratory optical mock-up
was set up and used to compare the wire technique of Wackerle
(Ref. 15) with the inclined mirror technique for various free
sﬁrface mot:ions. The results of this investigation indicated that
the differences in sensitivity of the two methods to changes in
free surface motion did not warrant the additional effort involved
in providing the reflecting surface necessary for the wire method.
Consequently, only the inclined mirror optical method was used in
the high pressure experiments.

These mock-up experiments, as well as preliminary high pres-
sur2 experiments on the minerals, indicated the degree of diffi-
cuity that night be encountered in locating any times associated

wita the arrival of a second or plastic wave in yielding materials
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(Figure 7). The results of a brief study to determine the effect

of arbitrarily choosing such transition times are discussed. The
major data-gathering high-pressure experiments were divided into
several series involving different combinations of optical and

electrical configurations.

A, Inclined Mirror Experiments

This series of experiments utilized the mirror configuration
shown in Figure 10, A 4-in., plane-wave generator in direct con-
tact with a 4-in.-diam by 1/2-in,-thick aluminum buffer plate was
used as the shock wave driver. The first experiment in this series,
using the mirror configuration shown in Figure 10(a}, indicated
the presence of a very low amplitude precursor wave. There was
no measurable free surface velocity associated with this wave, as
may be seen in Figure 11, so that the pressure level transmitted
by this wave was considered negligibly small. This inference in-
dicated that the impedance match soluticon discussed might be appli-
cable tc the minerals of interest here. Consequently, several
additional experiments were carried out using this mirror configu-
ration but incorporating witness materials in place of a second
mineral sample. The impedance match colution indicated that the
hypothesis of the existence of the low-pressure wave was correct
but, in addition, these records showed that there was, in fact,
some very slight free surface velocity imparted after the arrival
of the weak precursor. This "rounding" in the record was attri-
buted to the reverberations of the precursor between the free
sur face of the sample and the high pressure wave. This phenomenon

was considered in the discussion of Figure 7.
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1

inclined mirrors for

flat mirror for free surface velocity

time-of-arrival\ medsutenent
measurement
1 2
Aluminum buffer plate
Shot Sample Explosive
1 2
14 Oligoclase Orthoclase PWG (P~40)
16-17 Oligoclase Al PWG (P-40)
18-19 Labradorite Al PWG (P-40)

Figure 10(a) Mirror Configuration Used for Shock and Particle
Velocity Determination for Listed Feldspar
Experiments
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Experiments
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time-of-arrival
measurement _
I'A'—l —
I Aluminum bu€fer plate
Shot Sample Explosive
r 24 Aluminum 'PWG (P-40) i
25 Labradorite PWG (P-40)
26 Oligoclase PWG (P-40)
27 Labradorite PWG + 2-1in.PBX*
28 Oligoclase PWG + 2-in.PBX*
29-30 Orthoclase PWG + 2-in.PBX*
31-32 Orthoclase PWG + 2 -in.PBX*
33-39 (see’ Table II1) (see Table I7)

%*2-in.PBX refers to use of 1 2 x 4-in.-diam slab
of PBX used with PWG (P-40 plane wave grnerator)

Figure 10(c)
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Because of the surprisingly high velocity of tha precursor

wave (greater than 7mm/psec) in the oligoclase sample, the con-
figuration was modified to that shown in Figure 10(b). It was
then possible to measure two values for the precursor velocity,
The unexpected result, as shown in Table II, is that rather than
showing a reduction, the average value of the precursor velocity
over the second portion of the .ample is higher than that over the
first portion,

In addition, there was no indication of any unloading from
the explosive. It was decided, therefore, that the driver system
using a plane-wave generator as the only explosive was a fairly
good system for our purposes,

Thie next series of experiments utilized the mirror/sample
configuration of Figure 10(c). In this series, relatively large
fiat mirrors were used in an effort to deteriiine the planarity
and times associated with the wave system. A sample record is
shown in Figure 12, The results of these experiments are also
listed in Table II. For several experiments, two wave velocities
are shown but only the particle velocity associated with the second
wave has been listed. The pressure and strain are calculated from
equations (4) and (5).

The same optical configuration was used in an additional
series of experiments that incorporated piezcelectric crystal trans-
ducers of the type described in reference 12. These gages are
shown in place on a sample in Figure 13. It was desired to com-
pare the shock velocities derived from these gage readings with

those obtained from the mirrors.
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Table 11

RESULTS OF SHOCK WAVE EXPERIMENTS ON FELDSPARS
(ORTHOCLASE, OLIGOCLASE, AND LABRADORITE)

Exp 8 ‘ﬁizf- Density| Explosive | Configuration SEDIE
No. SEEEEA Direc- (gm/ccg PWE HE|[Opt. Elect. I(e:,ngth
tion in.)
14 |0rthoclase C 2.57 P-40 |-- |Fig l0a | -- 0.252
14 |[Oligoclase C 2,65 P-40 | -- | Fig 10a | -- 0.182
15 [Labradorite| C 2.71 P-40 | -- | Fig 10a | -~ 0.265
15 |Labradorite| C 2,71 P-40 | -- | Fig 1Ca | -- 0.265
16 |Oligoclase C 2,65 P-40 | -~ | Fig 10a { -~ 0.179
17 |Oligoclase C 2.65 P-40 | -- | Fig 10a | -- 0.182
18 |Labradorite| C 2.71 P-40 | -- | Fig 10a | -- 0.219
19 [Labradorite| C 2.71 P-40 | -- | Fig 10a | -- 0.371
20 |0ligoclase | C 2.65 | P-40 |-- |[Fig 10b|-- | 0.370
20 |Oligoclase C 2,65 P-40 | -~ Fig 10b | -~ 0.186
21 {Oligoclase C 2,65 P-40 | -- | Fig 10b | -- 0,373
21 |Oligoclase C Z.05 P-40 | -- | Fig 10b | -~ 0.191
22 {0ligoclase C 2.65 P-40 | -~ | Fig 10b¥ -- 0.413
22 |Oligoclase C 2.65 P-40 | -~ | Fig 10b# -- 0.178
25 |Labradorite| C 2.71 P-40 | -~ | Fig 10c | -~ 0.175
26 {Oligoclase c 2.65 P-40 | PBX | Fig 10c | -- 0.180
27 {Labradorite| C 2.71 P-40 | PBX | Fig 10c | -~ 0.182
28 {Oligoclase C 2.65 P-40 Fig 10c | -~ 0.181
30 {Orthoclasa B 2,57 P-40 | PBX | Fig 10c | -~ 0.225
32 |Orthoclase B 2.57 P-40 Fig 10c | -- 0.251
33 {Orthoclase | C 2.57 P-40 Fig 10c feryst| 0.250
34 |Oligoclase C 2.65 P-40 Fig 10c kryst{ 0.250
35 {Orthoclase C 2.57 P-40 | PBX | Fig 10c leryst| 0.250
35 |Oligoclase C 2.65 P-40 | PBX | Fig 10c feryst] 0.250
37 |Labradorite| C 2,71 P-40 Fig 10c feryst| 0.250
38 |Labradorite| C 2.71 P-40 | PBX | Fig 10c fryst] 0.250
39 {Labradorite| C 2,71 P-40 Fig 10c [cryst] 0.250
40 |Labradorite| C 2,71 P-40 Fig 1l6a kryst] 0.250
41 {0ligoclase C 2.65 P-40 Fig 16a | -- 0.250
42 10ligoclase C 2.65 P-40 | PBX | Fig l6a | -- 0.250
43 {Labradorite| P 2.71 P-40 Fig l6a | -- 0.250
44 {Labradorite| P 2.71 P-40 | PBX | Fig 16a | -~ 0.250
49 |Oligoclase C 2,65 P-60 Fig 18 | pin | 0.250
50 |0ligoclase C 2.65 P-60 Fig 18 | pin | 0.250
50|0ligoclase P 2.65 l P-60 Fig 18 | pin | 0.250
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Table II (Cont.)

Shoc article vVeloc-] P |
- res-

Shock Wave Tran- Velocities Jities (mm/isec)| sure

sit Times (usec) = 0 . B Strain}

Optical Elect |—yotosSl | pR-@Al DIOGE & € |

AT—TE T Ist [Zn Ist™| 2nd [Est. |(kilo-

L 2 Ugl |Ugp  Bpi!l Up2 | Uo | wars)
.935[1.23 | -- | 7.02 [5.32 81 102 | .141
.585] .873] -- | 7.9 |5.91 .86 135 | .145
.96511.22 | -- |6.99 |5.51 oi .60 89 | .109
,96511.22 | -- |6.99 |5.52 |0 .60 89 | .109

.82 | -- 5.55 .70 103 | .126

.78 | -- 5.92 .68 107 | .115

.87 11.11 | -- | 6.40 |5.05 | O .76 04 | .15
1.29 |1.61 ] -- }7.30 15.85 |0 .63 100 | .108
1.40 |1.83 ] -- | 6.7 |5.15 |0 .78 107 | .151
.72 | .90 ] -- |6.56 [5.25 |0 .78 108 | .148
1.31 |1.7 -- | 7.25 |5.60 |0 .74 110 | .132
84 | -- 5.80 .74 114 | .127

1.47 -- 7.1 -- oo
.646 -- 17.0 -- —-

6951 .92 | -- | 6.4%%|4.84 .77 01 | .159
.75411.06 | -- |6.08714.32 |0 .795 (91) | (.184)
.83 | -- 5.57 1.78 269 | .320

645 .782] -- | 7.15 |5.89 | 0¥ |1.83 286 |3.12
.87 11.31 ] -- |6.60 l4.36 oi .77 86 | .176
.84 11.17 | -- | 7.60 |5.45 | 0¥ |1.50 210 | .275
55 -- |1.2 5.30 741 101 | .140
.9 |1.2 .9217.09 {5.30 (o¥| .59 | .47] 83 | .111
1.0 {1.2 l1.02(6.20* .30 (0 |1.60 |1.77] 255 | .258
.836(1.05 | .88 7.59 |6.05 |0 [1.78 |1.52| 286 | .294
1.05 {1.33 [1.26}6.05 |5.04H] 0 .69 | .55 94 .137
.932{1.07 | .89]6.82 |5.95 |0 |1.39 224 | .234
1.03 {1.03 6.10 .76 | .52] 126 | .125

1.04 |1.3 |1.04|6.07 |4.88 oi .62 | .57 82 | .127
1.02 |1.34 6.24 |4.75¢| 0 .77 127 .123

55 5 5.96 1.88 296 | .32
-- | --1  ]e6.32 oF | .74 127 | .117
=5 - @ 5.02 1.57 214 | .314
1.14 |1.00| 7.52 [5.58 | of| .86 | .63]| 135 | .145
964)1.02 | 9.91 l6.206 | 0¥ ]1.08 | .93] 177 | .174

1.27 |1 11 |5.65 .97 | .78 145 | .172
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Figure 13

Experimental Configurztion Showing Electrical
and Optical Instrumentation

The sample is from a single crystal of orthn-
clase. Microcline particles are also seen.
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As Table II shows, these velocities do not generally coin-
cide but the crystals seem to indicate the arrival of the plastic

wave and not the precursor. A record showing the times associated

|

with both readings is shown in Figure 14. The times are normal-
ized to the arrival of the shock wave at the free surface of the

buffer plate.

It was hoped that the crystal gage readings might indicete

N

the arrival of both the elastic and plastic waves. As may be seen

from the sample record of the crystals (Figure 15), the gage be-

comes inoperative immediately after the first indication. This
lends support to the view that the precursor wave is quite weak.
Although it might be concluded that a higher amplitude elastic
wave might also break the crystal gage, the closer correlation of
crystal signal to the plastic wave is contrary to such a conclu-
sion,

In an effort to further investigate the amplitude aﬁd velocity
of the precursor wave, a series of experiments utilizing the opti-
cal configuration shown in Figure 16(a) was run. A slight modifi-
cation is shown in Figure 16(b). The elastic wave velocities
der.ved from these records show considerable variation for a given
sample, but appear to be constant throughout the width of the sam-
ple. For both oligoclase and labradorite, the high-pressure
shots showed a lower precursor velocity than the iow pressure
shots. As is noted in Figures 10 and 16, the higher pressures
were obtained by adding a 2-in. slab of PBX between the plane

wave generator and the buffer plate. A record from one of these,

Figure 17, shows the constancy of the velocity of the first wave

through the samplz, This record is especially interesting because

T —
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Figure 15 Oscilloscope Trace of Crystal Readings of
Time-of-Arrival of Shock Wave at Buffer
Plate Free Surface, t,, and Sample Free
Surface, tg¢
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Shot Semule Explosive
49 Labradorite PWG(P-40)
41 Oligoclase : PWG

42 Oligoclase PWG +4-1in.PBX

Figure 16(a)

Mirror Configuration Used for Shock and Particle
Velocity Determination for Listed Feldspar
Experiments
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Shot Sample Explosive
43 Lapradorite PWG (P-40)
44 Labradorite PWG+ 4-in.PBX

Figure 16(b)

Mirror Cor~figuration Used for Shock and Particle
Velocity Determination for Listed Feldspar
Experiments
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it shows the time lag between the arrival of the first wave and
the acceleration of the free surface wave. Furthermore, it is
seen that the acceleration of the free surface is not abrupt but
is quite gradual. This indicates that the motion is due to a
series of waves generated either from shock reverberationc between
the free surface and a later plastic wave or as a result of a

Hugoniot curve rounded in the vicinity of its dynamic yield point.

B. Pin Experiments

All experiments described thus far utilized mirror reflection
techniques. The results of these experiments have shown large
sample-to-sample anomalies. Nevertheless, these experiments have
been valuable in gaining insight into the wave structure generated
in these feldspars. As a result of these experiments, it was
tentatively concluded that the nigh-pressure Hugoniot states may
be treated as if they are attained by shock compression from a
single shock wave.

As a result of this conclusion, two additional sets of ex-
periments were run. In the first set, the mirror configuration
shown in Figure 18 was combined with the pin closure switches
shown in Figure 19. The results of this series are shown in
Table II. The shock arrival times coincide roughly with the mo-
tion of the sample's free surface, as shown in Figure 20.

The second set of experiments was based entirely on the
impedance matching method and utilized electrical closure pins
only. In this set of experiments, 6-in. plane wave generators
were used with various explosives and driver plates to impart a

series of loading conditions to the samples. A sample
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it shows the tire lag between the arrival of the first wave and
the acceleration of the free surface wave. Furthermore, it is
seen that the acceleration of the free surface is not abrupt but
is quite gradual. This indicates that the motion is due to a
series of waves generated either from shock reverberations between
the free surface and a later plastic wave or as a result of a

Hugoniot curve rounded in the vicinity of its dynamic yield point.

B. Pin Experiments

All experiments described thus far utilized mirror reflection
techniques. The results of these experviments have shown large
sample-to-sample anomalies. Nevertheless, these experiments have
been valuable in gaining insight into the wave structure generated
in these fe “spars. As a result of these experiments, it was
tentatively concluded that the high-pressure Hugoniot states may
be treated as if they are attained by shock compression from a
single shock wave.

As a result of this conclusion, two additional sets of ex-
periments were run. In the first set, the mirror configuration
shown in Figure 18 was combined with the pin closure switches
shown in Figure 19. The results of this series are shown in
Table II. The shock arrival times coincide roughly with the mo-

0.
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tion of the sample's free surface, as shown in Figure
The second set of experiments was based entirely on the
impedance matching method and utilized electrical closure pins
only. 1In this set of experiments, 6-in. plane wave generatcers
were used with various explosives and driver plates to impart a

series of loading conditions to the samples. A sample
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Shot Sample Explosive

49 Oligoclase-C dir/Aluminum PWG(P-60)*

50 Oligoclase-C dir/Oligoclase-Pdir PWG(P-60)%*

*6-in.-diam plane wave generator

Figure 18 Mirror Configuration Used for Shock and Particle
Velocity Determination for Listed Feldspar

Experiments
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configuration is shown in Figure 21. 1In each experiment, five

mineral samples were mounted in five pie-shaped segments of equal
size. In addition, in each segment two witness materials, brass
and aluninum, were mounted., Pin switches set just off the free
surface were set to close at che time of free surface motion.

Pin closure caused & condenser to discharge through a resistor
and the associated voltage signal was displayed on an oscillo-
scope. On each oscilloscope trace, there were four signal inputs;
one each from pins located to measure free surface motions of the
mineral sample, the two witness materiais and the buffer plate.
The pin locations are shown in Figure 22; an oscilloscope trace

is shown in Figure 23. The pertinent times are indicated by the
sharp change in amplitude of the signal. Fairly good time resolu-
tion is made possible by a sweep speed of 0.5 cm per psec and the
signal generator trace located above and below each trace.

The various minerals of interest and several samples of
granite were distributed among the eight experiments of this
series so that each sample was subjected to a variety of stress
levels. In Table III the samples included on each shot are listed
as is the explosive and buffer configuration.

All of the minerals of interest were included in this series
of experiments. Samples of orthoclase, labradorite, and oligo-
clase were cut and shock-loaded in two directions (referred to
as B and C directions). These orientations are described in the
next section. Single-crystal samples of olivine were not avail-
able for experiments so it was necessary tc use polycrystalline
or "isotropic" samples. A few samples of biotite were also in-

cluded in this series. We were able to cut biotite only in on